We have previously shown a critical role of prolactin (PRL) during maturation and anti-tumor effects of murine natural killer (NK) cells in vitro and in vivo. We extended that study by exploring the ability of human NK cell lines (NK-92 and YT cell) to express PRL receptor (PRL-R) and to respond to PRL stimulation in vitro. Both human NK cell lines constitutively expressed PRL-R on membrane and mRNA transcripts, NK-92 cells contained higher level of PRL-R than YT cells, which correlated to the enhanced capacity of the cells to proliferate and to lyse target cells in response to PRL stimulation in the presence of trace amount of IL-2 or IL-15 in vitro. Two differences between IL-2 and IL-15 in functioning on human NK cells were for the first time observed. PRL synergized with IL-15 to improve proliferation of NK cells in a dose-dependent manner without double peak manifesting like IL-2. Although PRL enhanced the cytotoxicity of IL-2 or IL-15 activated NK cells, it exerted the function through up-regulating gene expression of perforin without influence of FasL in IL-2-stimulated NK cells, while in IL-15-stimulated NK cells, PRL did the function through up-regulating gene expression of both perforin and FasL but not IFNγ. PRL increased expressions of IL-2Rα on membrane and of IL-2 mRNA in cells, indicating that PRL up-regulated NK cell function by improving positive feedback between IL-2 and IL-2R. The similar results were also observed in network between IL-15 and IL-15R. These data indicate a potential role of PRL in human NK cell modulation.
INTRODUCTION
Prolactin (PRL), a 24 Kd single chain hormone, is secreted by the anterior pituitary. There has been a considerable amount of literatures examining the role of PRL on immune function as well as its effects on lactation and reproduction [1] [2] [3] [4] . Receptors with high affinity for PRL were expressed on human B and T cells by direct binding of PRL, and PRL-or IL-2-induced activation of these cells resulted in a further induction of PRL receptor expression [5] [6] [7] . PRL and the corresponding mRNA were present in human T-and B-lymphocyte as well as in B-lymphoblastoid line and T leukemia cells, which has been suggested to act as an autocrine growth factor for lymphoid cell proliferation [8] [9] [10] [11] . Specific inhibition of PRL release by bromocriptine or in the presence of anti-PRL antibodies were associated with decreased T cell and NK cell function [12, 13] . Interestingly, PRL increased the cellularity and antigen-specific proliferation of lymph node T cells of both normal and dwarf mice P [14] , suggesting that the dominant effects of PRL administrated in vivo is amplification of the peripheral T-cell response. Recently, it was reported that PRL exhibited a dose-dependent enhancement upon both IgM and IgG secretion treated with anti-IgM and IL-2 or anti-IgM alone in vitro [15, 16] , indicating that PRL may affect peripheral B-cell function. PRL also increased the proliferating response and cytotoxicity of human, murine or rat NK cells to sensitive or insensitive tumor independently or synergistically with IL-2 in vitro [17] [18] [19] [20] . We previously reported that PRL improved the hematopoiesis and lymphocyte development in syngeneic bone marrow transplantation [21] [22] [23] [24] , and exerted anti-tumor effects on tumor-bearing mice in vivo [25] . However, thus far there has been little evidence indicating that PRL can directly affect NK cell function through prolactin receptor on human NK cells. Here, we for the first time reported that human NK cells, using the human NK cells cells lines, might express prolactin receptors on membrane and their transcripts in human NK cells, and responded to prolactin stimulation in vitro. The molecular mechanisms underlying the prolactin stimulation, especially the relationship to IL-2 or IL-15 synergistic stimulation, were also investigated.
MATERIALS AND METHODS

Cell culture and proliferation assay
Endotoxin-free recombinant human IL-2 (2.1×10 7 U/mg) and human IL-15 (3.4×10 7 U/mg) were purchased from Genzyme (Cambridge, MA). Recombinant human prolactin was endotoxinfree and supplied as a gift by Dr. William J. Murphy, NCI-FCRDC, Frederick, MD, which has been used in their studies [22] [23] [24] [25] . The IL-2-dependent NK cell line NK-92, established from a patient with rapidly progressive non-Hodgkin's lymophoma [26] , was purchased from ATCC and maintained in a-MEM (Hyclone) medium containing100U/ml IL-2 and other necessary components as described [26] . The IL-2-independnet NK cell line YT cell line, established from a patient with thymic lymphoma [27] , supplied by Dr. Jiming Wang, NCI-FCRDC, Frederick, MD, was maintained in complete RPMI culture medium without adding IL-2. For proliferation assay, NK cells were cultured in triplicates at 37°C in a 5% CO 2 incubator in complete RPMI medium in 96-well plates (1×10 5 cells/200 ml/ well) in the presence of IL-2, IL-15, PRL or combinations at various concentrations. The NK cells were examined at 72 h after culture with cytokines by MTT color-metric method. Briefly, 5mg/ml MTT (3-2, 5-diphenyltetrazolium bromide; Sigma) was added to all wells and the plates were incubated at 37°C for 4 h, deprived of 100ml supernatant and 100 ml of 10% SDS (sodium dodecyl sulphate, Sigma) were added to dissolve formazan. Results were analyzed on a BioRad Microelisa reader.
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Chromium release cytotoxicity assay K562, a human chronic myelogenous leukemia cell line was used as target cells in cytotoxicity assay, and cultured in 15% FCS of RPMI 1640 medium. The assay was performed using NK cell lines that had been co-cultured earlier in the presence or absence of cytokines (e.g. IL-2, IL-15, PRL or combinations). The NK cells were admixed with 51 Cr-labeled K562 target cells for NK cytotoxicity at an effector (E) to target (T) ratio of 10:1, 5:1, 2.5:1 and 1.25:1 as previously described [25] . After standard 4 h incubation, the supernatant were harvested and analyzed on a gamma counter (model 5500; Beckman Instrument, Irvine, CA). The % specific lysis was calculated as followed: % specific lysis = CPMexp -CPMspontaneous /(CPMmaximun -CPMspontaneous) x 100%.
Reverse transcript-PCR (RT-PCR)
The RT-PCR analysis was performed as previously described [28] . Briefly, RNA was extracted from NK cells by the acidguanidinium phenol-chloroform method. PCR primers for PRL-receptor (PRL-R), interferon-g (IFNγ), Fas ligand (FasL), perforin, IL2, IL-15 and β-actin were designed by us to be 18-24 nucleotides long and to have a 100% homology with the particular regions of the genes coding characteristic extracellular regions of the molecules. The gene sequences were obtained using the OLIGO Primer Analysis Software, Version 5.0 (NBA, Software and Research Services for Tomorrow's Discoveries, National Biosciences, Plymouth, MN). PCR oligomers were produced at the Oligonucleotide Synthesis Facility of University of Science & Technology of China. The first cDNA strand was synthesized at 37°C for 1 h with specific primer in a final volume of 20 mL containing 20U of Moloney murine leukemia virus (MMLV) reverse transcriptase, 5×reverse transcriptase buffer, 24U of RNAsin, and 0.5mmol/L of dNTP mix. Ten microliters of first-strand cDNA was added to 20mL of a PCR mix containing 1mL each of upstream and downstream primers and 1U Taq DNA polymerase. RT-PCR was performed using a thermal cycler (Perkin-Elmer, Emeryville). PCR condition was: 95°C (1 min), 60°C (1 min), 72°C (1 min), extension at 72°C for 10 min, 30 cycles. For amplification of PRL-R, nested RT-PCR including additional 25 cycles were performed. PCR samples were run for analysis on an ethidium bromide-stained 1.5% agarose gel and visualized by ethidium bromide staining. The band intensity of ethidium bromide fluorescence was measured using NIH Image Analysis Software Ver 1.61 (National Institutes of Health, Bethesda, MD). The intensities of the bands were determined with the use of the ratios to β-actin.
Flow cytometry and immunofluorescence microscopy analysis
For membrane staining, NK cells were suspended in ice-cold PBS containing 0.1% sodium azide and 1% FBS. The cells (0.2 x 10 6 /0.1 ml) were then incubated on ice for 30 min with FITC-labeled anti-CD25 (IL-2Rα) mAbs (10 µg/ml, Becton Dickinson, Mountain View, Calif.). Negative controls were cells incubated without Abs, or incubated with isotype-matched nonreactive Igs. Finally, the cells were washed twice in PBS, fixed with 1% (w/v) paraformaldehyde/PBS solution, and analyzed by flow cytometry using FACScalibur, as previously described [21] . For immunofluorescent microscope analysis, the IL-15 or PRL were labeled by FITC using standard method, and the FITC-labeled PRL or FITC-labeled IL-15 were then used as fluorescent probe to detect PRL-R or IL-15Rα on NK cells under fluorescent microscope.
RESULTS
Constitutive expression of prolactin receptors on the membrane of human NK cell lines
To determine the expression of prolactin and its receptor, NK-92 and YT cells, which were harvested at the logarithmic phase of growth, were examined under microscopy by direct immunofluorescence technique and using semi-quantitative RT-PCR. Analysis of immunofluorescence revealed that PRL-R constitutively expressed on the membrane of the two human NK cell lines, NK-92 (relative density = 1.71) expressed much higher level of PRL-R than YT cells (relative density = 0.42) (Fig 1A) , the finding was further confirmed by detecting mRNA level of PRL-R transcripts (Fig 1B) .
Response of human NK cells to PRL stimulation in vitro
After confirmation of PRL-R presence on NK cells, we then explored the effects of PRL stimulation on NK cells. As shown in Fig 2, the PRL alone did not exert any stimulatory effects on proliferation of both human NK cell lines (Fig 2A) . Interestingly, in the presence of trace amount of IL-2 or IL-15 (5 U/ml), the concentration of which did not influence NK-92 cell proliferation (Fig 2B; Fig 2C) , PRL exerted stimulatory effects on NK-92 cell proliferation in a manner of two peak curve in the presence of IL-2 ( Fig 2D) and in the manner of dose-dependent curve in the presence of IL-15 ( Fig 2E) . The results indicated that PRL up-regulated NK cell function in combination with NK cell growth factors including IL-2 and IL-15.
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Cr release assay and RT-PCR were performed to evaluate cytotoxicity of NK cells and cytotoxicity associated molecules expressed in NK-92 cells. The results showed that combination of PRL and IL-2 or IL-15 exerted a stronger activating effect on NK-92 cells (Fig 3) . PRL significantly enhanced cytotoxicity against K562 cells of NK-92 cells in the presence of trace amounts of IL-2 (Fig 3A) (p<0.01 at each effector/target ratio) or IL-15 (Fig 3B) (p<0.01 at each effector/target ratio). The RT-PCR analysis revealed that PRL up-regulated the expression of IFN-γ and Perforin but not FasL in the presence of trace amount of IL-2 ( Fig  3C) , in contrast, PRL up-regulated the expression of Fas-L and Perforin but not IFN-γ in the presence of trace amount of IL-15 ( Fig 3D) .
PRL up-regulated NK cell functions through improving autocrine expression of IL-2-IL-2R or IL-15-IL-15R network
After it was recognized that PRL is capable of improving NK cell function in the presence of NK cell growth factor, we searched the molecular mechanisms underlying the PRL effects on NK cells. We found that NK-92 cells over-expressed IL-2Rα (CD25) on membrane of NK-92 cells after PRL stimulation using flow cytometry, but YT cell did not show any change (Fig 4A) . Meanwhile, 
NK-92 cells expressed higher PRL-R positive cells than YT cells by binding to FITC-PRL (A). RT-PCR analysis was performed to further confirm the expression of PRL-R gene in human NK cell lines (B).
The intensities of the bands were determined with the use of the ratios to β-actin. NK-92 cells expressed more transcripts of PRL-R mRNA than YT cells. All experiments were repeated at least four times and each sample was tripled in each experiment. NK-92 cells increased the expression of IL-2 mRNA after PRL stimulation by RT-PCR analysis (Fig 4B) , indicating that PRL stimulated expression of IL-2 receptor and their ligand (IL-2) of the same NK cells simultaneously, to form an autocrine network in the reaction. The observation on effects of PRL plus IL-2 on NK-92 cells was repeated again in PRL plus IL-15 system. The expression of IL-15Rα, analyzed under fluorescent microscope after probing with FITC-labeled IL-15, was strongly enhanced on NK-92 cells after PRL stimulation (Fig 5A) , and IL-15 mRNA obviously up-regulated in the cells at the same time (Fig 5B) . The results may, at least partly, explain the molecular mechanisms under which the PRL up-regulated NK cell function.
DISCUSSION
The presence of PRL-R on human NK cells is a basic indication that human NK cells are responsive to PRL stimulation. Unfortunately, until now there was only one report demonstrating that rat NK cell expressed PRL-R. Chambers et al. identified a PRL-R specific transcript using RNA isolated from highly purified, IL-2-activated rat liver NK cells by a combination of RT-PCR and Southern blotting [17] . By flow cytometric analyses, they determined that A-NK cells expressed detectable levels of PRL-R internally. Surface PRL-R was not detectable by flow- (A, B) . The cytoplasmic RNA was extracted from NK-92 cells. The method for detecting transcripts (mRNA) of FasL, Perforin, IFNγ and β-actin was described in Materals and Methods. The intensities of the bands were determined with the use of the ratios to β-actin (C, D) . All experiments were repeated at least four times and each sample was tripled in each experiment.
Fig 4.
Expression of IL-2Rα and IL-2 mRNA in NK-92 cells after PRL stimulation. Surface expression of CD25 were increased in NK-92 cells after PRL stimulation (A). NK-92 cells were also examined for expression of IL-2 gene transcripts using RT-PCR analysis as described in Fig 1 (B) . The expression of IL-2 gene transcripts was enhanced by PRL stimulation. All experiments were repeated at least four times and each sample was tripled in each experiment. cytometry on freshly isolated NK cells from normal rats, and incubation of NK cells with rIL-2 did not induce detectable surface PRL-R. Similarly, incubation of NK cells with PRL was not found to induce expression of the alpha chain of the IL-2 receptor (IL-2Rα; CD25) on NK cells [17] . We for the first time demonstrate that NK cells from human being express PRL-R, which may be important to explain the immunoregulatory function of PRL on innate immunity such as NK cell function. The characterizations of human PRL-R on NK cell lines are somewhat different from those of rat PRL-R.The PRL-R constitutively expressed on surface of human NK cell lines, but rat PRL-R was not detectable on the surface. Similarly, incubation of human NK cell lines with PRL induced up-expression of IL-2/IL-2Rα and IL-15/IL-15Rα, but PRL did not exert any affects on expression of rat IL-2Rα. the reason for these dissimilarities is likely due to the species difference ( rat versus human) or cell status (fresh cells versus established cell lines). Interestingly, Bouchard et al. found that PRL-R -/-mice demonstrated no alterations in thymic or splenic cellularity or in the composition of the lymphocyte subsets present in primary (bone marrow and thymus) or secondary (spleen and lymph nodes) lymphoid organs. Lymphocytes from PRL-R -/-mice were functional in vitro, as they could proliferate normally to mitogens, cytokines, and allogeneic cells. PRL-R -/-splenocytes displayed normal NK-mediated cytotoxicity to YAC-1 target cells. These results show that immune system development and function proceed normally in the absence of PRL-mediated signaling and suggest that PRL-R pathways are not essential for immunomodulation in vivo [16] . The conclusion from Bouchard et al. are obviously contrary to what have been observed in adult mice by others [1] [2] [3] [4] 12] , which demonstrated that depletion of PRL-producing cells caused extensive immunosuppression of normal adult mice. It is possible that there exist some unknown mechanisms initiate to compensate for the deficiency of PRL-R during development of immune system from embryo to mature, which is possibly totally different from what has proceeded in normal adult mice.
Unlike NK-92 cells, PRL has no significant effect on the proliferation, cytotoxicity and lysis associated molecules of YT cells, which are IL-2-independent, irrespective of presence or absence of IL-2 or IL-15 (data not shown here). The double peak curve of NK cell proliferation in PRL dose response was also observed in T lymphocytes and B lymphocytes in previously studies by several laboratories [20] . The reasons for two dosage peaks of PRL action remain still unclear. Although IL-15 is well recognized to share common γ and β chains with IL-2, and the common chains of IL-2R system are functional mediator for finally signaling, two differences between IL-2 and IL-15 in functioning on human NK cells were for the first time observed in our study. The first difference is that PRL synergized with IL-15 to improve proliferation of NK cells in dose-dependent manner without double peak manifesting like IL-2. The second difference is that, although PRL enhanced the cytotoxicity of IL-2 or IL-15 activated NK cells, PRL exerted the function through up-regulating gene expression of perforin without influence of FasL in IL-2-stimulated NK cells. In contrast, PRL did the function through up-regulating gene expression of both perforin and FasL but not IFNγ in IL-15-stimulated NK cells. The molecular mechanisms underlying the differences between corporation of PRL and IL-2 or PRL and IL-15 are unknown and need further investigation.
Until now, most of the researches are focusing on elucidating the mechanisms of up-regulated PRL-R expression by IL-2 stimulation to explain the function of PRL on immune cells [4] [5] [6] [7] 11] . We for the first time found that PRL could improve the expression of IL-2/IL-2R or IL-15/IL-15R network. The results concluded that PRL, IL- 2/IL-15, IL-2R/IL-15R and PRL-R form a network, based on which an initiator (for example, PRL, IL-2 or IL-15) may start the reaction cascade.
In conclusion, we for the first time identified PRL-R on human NK cell lines, found that human NK cells responded to PRL in double peak curve or dose-dependent manner in the presence of trace amount of IL-2 or IL-15 respectively and elucidated that the underlying mechanisms of synergistic function of PRL with IL-2 or IL-15 may be partly through up-regulating efficiency of IL-2/IL-2R or IL-15/IL-15R network. This conclusion will be helpful to explain the relationship between PRL and NK cells.
